Vacuum brazing products have excellent joining quality, less deformation and fewer residual stresses. The vacuum brazing technique has significant effect on the microstructure and property of the aluminum brazed joint, but there is little discussion about the optimization of the process. This study investigates how different process parameters affect the tensile properties of 6061-T6 aluminum vacuum brazed joints. The parameters including the soaking temperature, soaking time, brazing temperature, and brazing time were taken into consideration. Analysis of variance showed that soaking time is the most dominant factor. The optimal process parameters were predicted by Taguchi method to obtain the highest tensile strength. Experimental results indicated that the error between predicted and experimental tensile strength is only 0.33%. It demonstrated that the Taguchi method is feasible for obtaining the optimal process parameters of aluminum vacuum brazed joints. Microstructures, microhardness and fractograghs of the aluminum brazed joints produced by optimal process were also analyzed.
Introduction
Recently, environmental problems and concerns about energy consumption have led to the increasing use of aluminum alloys in the automobile, aerospace and other industries. In particular, 6000 series aluminum alloys have been studied extensively because they have better strength, weldability, corrosion resistance, and cost than other aluminum alloys (Lee et al., 2002; Mansourinejad and Mirzakhani, 2012) . AA 6061 is one of the most versatile of the heat-treatable alloys and popular for medium-to-high strength applications; it also has favorable toughness characteristics. This alloy has a wide range of applicants, such as in transportation components, medical equipment, and national defense products.
The frequently preferred process for welding aluminum alloy is tungsten inert gas welding. However this process causes grains to coarsen in the fusion zone, distortion, an increased tendency to undergo hot cracking and residual stresses. Vacuum brazing is utilized to eliminate the disadvantages of TIG welding. Vacuum brazing is a metal-joining technique wherein a filler metal is used to join two or more materials by drawing it into the joint by capillary action. A filler metal is a material with a melting point lower than that of the materials to be joined. Given that brazing does not melt the base metal of the joint, it allows for more precise control of tolerances and provides a clean joint with no need for additional finishing. Vacuum brazing is conducted in an especially designed furnace in the absence of air and it has many advantages; is performed at 10 -3 -10 -6 torr, and so no oxidation problems arise, forming flux-free braze joints with high integrity and superior strength. Vacuum brazing improves the uniformity of temperature of base metal and reduce residual stresses by using a slow heating and fast cooling cycle, resulting in dramatically improved mechanical and thermal properties of the material to which it is applied. Vacuum brazing is widely used in many different industries, including automotive, aerospace, medical, and national defense. Successful vacuum brazing relies on proper technique as well as the furnace capability to continuously control the brazing cycle (vacuum level, heating/cooling rates, temperature, and time). Most related studies discussed dissimilar alloys (Yue et al., 2008; Liu et al., 2012) , filler (Ma et al., 2008; Xia et al., 2008; Wang et al., 2003; Zhang, 1994; Miller et al., 2000) , cooling rate (Jiang et al., 2010; Li et al., 2006) , pressure Li and Wang, 2010) and simulation (Ratts et al., 2000; Zhang and Shi, 2004) in vacuum brazing.
The temperature and time in vacuum brazing had a significant effect on mechanical properties and seldom been studied, especially in aluminum. Moller and Grann (2012) indicated that aluminum vacuum brazing is a careful balance of time, temperature, and vacuum level. These parameters are controlled to maintain the fundamental brazing success parameters. Zhao et al. (2011) discussed that the aluminum vacuum brazing technique has significant effect to the microstructure and property of the joints. The microstructures of the joints brazed under 15 min -90 min six different holding times and 595 o C -620 o C six different holding temperatures are analyzed. Experimental results obtained show that the holding time is 75 min and the holding temperature is 615 o C, the filler metal has the few corrosions to the parent metal, the brazing is more reliable. discussed that under different brazing time, pure aluminum foams were joined by vacuum brazing with multilayer filler metals. Experimental results obtained show that the bending strength of joints firstly ascended to a peak point and then decreased with the increase of brazing time. The bending strength of joint brazed for 15 min reached the highest. Wesolek (2001) discussed that the strength of aluminum braze joints was determined using various brazing methods. The results were observed that vacuum partial pressure brazing was found to be more consistent in adaptability and in producing well braze joints. While many factors affect the mechanical properties of aluminum alloy, the Taguchi method can optimize the process parameters of vacuum brazing, explaining its widespread use among industrial engineers. The welding and brazing parameters are optimized by Taguchi method in many literatures, such as brazing (Muangsong et al., 2013) , friction stir welding (Koilraj et al., 2012; Shojaeefard et al., 2013) , tungsten inert gas welding (Juang and Tarng, 2002) , laser hybrid welding (Song et al., 2008) , and pulsed plasma arc welding (Shih et al., 2012) .
The cost required for the vacuum brazing process is much higher than that of the traditional welding. In order to reduce the costs, it is necessary to use the minimum number of specimens to effectively implement the optimization analysis. In this work, the optimization of process parameters in 6061-T6 aluminum vacuum brazing is investigated. Ultimate tensile strength was selected as the target quality. The orthogonal array L9 of the Taguchi experimental design was chosen, and the optimal process parameters for vacuum brazing were determined using the S/N ratio. Finally, the predicted tensile strength was compared with that of the experimental value.
Taguchi method
Taguchi method is a multi-parameter optimization procedure, which is very useful in identifying and optimizing dominant process parameters with a minimum number of experiments (Taguchi, 1990 ). This method is characterized by its ability to save efforts in conducting experiments, decreasing experimental time, reducing costs, and identifying significant factors efficiently. Taguchi approaches design from four perspectives: robust design, concept design, parameter design, and tolerance design. The Taguchi method is implemented by the following steps: (1) Identify the factors; (2) Identify the levels of each factor; (3) Select an appropriate orthogonal array; (4) Assign the factors; (5) Conduct the experiments; (6) Analyze the data, determine the optimal levels; (7) Conduct the confirmation experiment (Chen et al., 1996) . The method is based on an orthogonal array of experiments (Taguchi and Konishi, 1987 ). An orthogonal array is a minimal set of experiments with various combinations of parameter levels. Output of the orthogonal array, which indicates the relative influences of various parameters on the formation of the desired product, is used to optimize an objective function.
Experimental design
Orthogonal arrays of the Taguchi method are highly fractional orthogonal designs. These designs can estimate the main effects of S/N ratios by using only a few experimental runs. In this experiment with four parameters at three levels each, the fractional factorial design used was a standard L9 ( 3 4 ) orthogonal array. Four factors including soaking temperature, soaking time, brazing temperature, and brazing time were considered. In order to consider temperature in this study, 2-stages processing was adopted. The first stage was to effectively preheat the filler and base material; the aim of this preheating step was to allow the filler to bond more effectively with the base material during second stage brazing. Zhao et al. (2011) and the processing conditions recommended by engineers with real experience, after the above-mentioned was summarized and integrated, the vacuum brazing temperature and time course were decided. Table 1 lists the vacuum brazing process parameters along with their ranges.
Experimental procedure
The material used in this research was 4 mm thick sheet Al-Mg-Si alloy AA6061-T6. Rolled plates of 6061-T6 were cut into the required size (300 mm × 75 mm × 6 mm) with a power hacksaw. First, the base material and filler were joined and placed in the jig. Fourteen screw holes, each with a diameter of 4 mm, were opened on one side of jig; screws were used to tighten the aluminum alloy panels, so that the aluminum alloy panels were closely combined with the filler. The jig was placed inside the vacuum brazing chamber and thermocouples were placed next to the jig. When vacuum brazing was carried out, the vacuum level (high or low), temperature, and time course were set up. Moreover, the builtin monitoring system recorded the temperature and time course of vacuum brazing. The cooling gas was nitrogen. Figure  1 shows the butt joint configuration in vacuum brazing. Table 2 displays technical specifications of vacuum brazing furnace. Figure 2 shows the temperature profile in vacuum brazing. Table 3 lists the chemical compositions of the base metal and filler sheet, while Table 4 displays the mechanical properties of the base metal. Vacuum brazing was carried out in the butt joint configuration. The brazing direction was normal to the rolling direction. Tensile specimens were machined with the dimensions and geometry specified by the ASTM E8 standard. After the vacuum brazing, the plates were milled to a thickness of 4 mm. Tensile properties for the 6061-T6 sheets were then evaluated in the transverse direction of the sheets with an universal testing machine MTS 810. Three specimens were tested in each vacuum brazing condition. Vickers hardness was measured under 0.05 kg load. Finally, the microstructures in the as-brazed condition were examined with an optical microscope. 
Results and discussion 4.1 Signal-to-noise ratio
The Taguchi method uses S/N ratio to represent quality characteristics. Three quality characteristics considered were target-the-best, larger-the-better and smaller-the-better. In this study, the S/N ratio was calculated based on the criterion of the larger-the-better. The S/N ratio is calculated by (1) where yi is the value of tensile strength for the ith test, n is the number of tests and N is the total number of data points.
The vacuum brazing joints were analyzed to understand how the process parameters affect tensile strength. Table 5 summarizes the experimental data and S/N ratio. The mean tensile strengths ranged from 126 MPa to 169.6 MPa. Table  6 displays the response table for signal-to-noise ratios. A larger S/N Ratio implies better quality characteristics. Figure 3 shows the main effects of S/N ratio. Based on the S/N ratios, the optimal level setting is A3B3C1D2. The optimal setting parameters is A3B3C1D2 
Analysis of variance (ANOVA)
ANOVA is an objective, statistical decision-making tool for detecting differences among the average performances of groups of items tested. ANOVA formally tests the significance of all main factors and their interactions by comparing the square of the mean against an estimate of experimental errors at specific confidence levels. First, the total sum of squared deviations SST from the total mean S/N ratio nm can be calculated as:
where n is the number of experiments in the orthogonal array and ni is the mean S/N ratio for the ith experiment. The percentage contribution Pi of each parameter was calculated as:
where SSi is the sum of the squared deviations of each parameter. Table 7 shows the ANOVA table. The F test was adopted to decide which parameter has significant effect. The high F value demonstrates that the parameter significantly influences the response of the vacuum brazing process. ANOVA results indicate that the soaking time affects the tensile strength the most, followed by the soaking temperature, brazing time, and brazing temperature, respectively. 
Confirmation test
After the optimum condition had been determined, the optimum performance (SNopt) of the response at the optimum condition was predicted. For the "larger-the-better" quality characteristic, study of the main effect showed that the optimum condition was A3B3C1D2. Then, the optimum performance (optimum value of the response characteristic) was estimated as follows:
where T is the total of all results, N is the total number of results, 
where Topt is the predicted tensile strength. The predicted tensile strength was 183.5 MPa. The final step of this research verified the improvement in tensile strength by using optimal levels of the parameters. The soaking time, soaking temperature, brazing temperature, and brazing time were set at 590 o C, 50 min, 600 o C, and 30 min, respectively. Three confirmation experiments were conducted at the optimal process parameters. The average tensile strength of vacuum brazing of 6061-T6 aluminum alloy is 184.1 MPa. According to the verification test results, the error between the predicted value and experimental value of tensile strength is only 0.6 MPa or 0.33%. As shown in Table 5 , a total nine groups of specimens were subjected to the tensile test. The results indicate that the specimens had a tendency to have low tensile strength and the rupture surface was very smooth, which is considered brittle failure. However, the optimal parameters were obtained via the Taguchi method and these specimens were used to conduct the vacuum brazing. After the specimens were subjected to tensile testing, the tensile strength had improved significantly, and failure was classified as ductile failure. Table 8 shows tensile properties of the optimal vacuum brazed specimen.
Microstructure
Figures 4(a) and 4(c) show the micrographs of the base metal and brazing seam. During brazing, the base metal in contact with the liquid filler metal will change its microstructure (Tsao et al., 2001 ). In Fig. 4(c) , many intermetallic compounds surround the diffusion layer of the brazing seam after the metal elements in the filler diffuse toward the base metal (Yang et al., 2015) . The material was heated to 590 o C for over one hour, and almost all of the precipitates redissolved in the matrix. After quenching with nitrogen gas, the solid solution formed a supersaturated phase, and then, a large quantity of precipitates was generated. Figures 4(b) and 4(d) show the grain boundaries of unbrazed base metal and post-brazed base metal. During the brazing process silicon diffusion from the filler metal to the base metal occured accompanied by grain growth (Mundt, 1994) . According to Fig. 4(b) and 4(d), the average grain sizes of the unbrazed base metal and post-brazed base metal are 32 μm and 45 μm, respectively. 
Microhardness
The microhardness test was conducted at the welding surface of the specimen. Figure 5 shows the microhardness distribution of vacuum brazed joints. According to this figure, microhardness of the joint is lower than that of the base metal, and the minimum microhardness is observed in the joint. After vacuum brazing, the distribution of microhardness across the joint is uniform. There is no significant heat-affected zone (HAZ), because the material is average heated and cooled in a vacuum environment. aluminum alloy overages and the tensile strength decreases. In vacuum brazing, the fracture point of specimen started at the brazing seam and the crack extended to the brazed metal. From a macroscopic point of view, the rupture position of the tensile specimen had a significant necking phenomenon, as shown in Figure 6 (a). Figure 6 (b) reveals that the fracture surface of the vacuum brazed specimen shows a ductile fracture dominated by dimples due to microvoid coalescence. Table 8 lists the tensile properties of the optimal vacuum brazed specimen, in which the average yield strength, tensile strength and elongation are 73.9 MPa, 184.1 MPa, and 24.8%, respectively. Comparing the experimental and predicted tensile strength reveals that the error is 0.6 MPa or 0.33%.
Tensile properties

Conclusions
Vacuum brazing process parameters were optimized with respect to tensile strength of the aluminum alloy 6061-T6 of butt joint. Based on the results of this study, we conclude the following:
(1) The Taguchi optimal method was adopted to search for the tensile strength of optimum levels of process parameters in vacuum brazing. The optimum value of process parameters such as soaking time, soaking temperature, brazing temperature, and brazing time were 590 o C, 50min, 600 o C, and 30min, respectively.
(2) The contribution of vacuum brazing process parameters to tensile strength was evaluated. Analysis results indicate that the soaking time has a contribution of 44.5%; the soaking temperature has a contribution of 33.54%; the brazing time has a contribution of 11.72%; and the brazing temperature has a contribution of 10.24% to the tensile strength. 
